RPA (replication protein A) is an essential factor for DNA DSB (double-strand break) repair and cell cycle checkpoint activation. The 32 kDa subunit of RPA undergoes hyperphosphorylation in response to cellular genotoxic insults. However, the potential involvement of hyperphosphorylated RPA in DSB repair and checkpoint activation remains unclear. Using co-immunoprecipitation assays, we showed that cellular interaction of RPA with two DSB repair factors, Rad51 and Rad52, was predominantly mediated by the hyperphosphorylated species of RPA in cells after UV and camptothecin treatment. Moreover, Rad51 and Rad52 displayed higher affinity for the hyperphosphorylated RPA than native RPA in an in vitro binding assay. Checkpoint kinase ATR (ataxia telangiectasia mutated and Rad3-related) also interacted more efficiently with the hyperphosphorylated RPA than with native RPA following DNA damage. Consistently, immunofluorescence microscopy demonstrated that the hyperphosphorylated RPA was able to co-localize with Rad52 and ATR to form significant nuclear foci in cells. Our results suggest that hyperphosphorylated RPA is preferentially localized to DSB repair and the DNA damage checkpoint complexes in response to DNA damage.
INTRODUCTION
RPA (replication protein A) is a eukaryotic ssDNA (singlestranded DNA)-binding protein composed of three tightly associated subunits of approx. 70, 32 and 14 kDa (referred to hereafter as RPA70, RPA32, RPA14 respectively). RPA was originally identified as a factor indispensable for in vitro SV40 (simian virus 40) DNA replication. Subsequently, it was found that RPA takes part in almost all aspects of cellular DNA metabolism, including DNA replication, recombination and repair, and plays essential roles in these pathways [1, 2] . Recently, RPA has been implicated in regulating DNA damage checkpoint activation [3, 4] . It is believed that RPA participates in such diverse pathways through its ability to interact with numerous protein partners and to undergo extensive post-translational modifications [1, 2, 5] .
The involvement of RPA in human NER (nucleotide excision repair) reactions has been well documented (reviewed in [6] [7] [8] ). The heterotrimeric RPA forms a complex with XPA (xeroderma pigmentosum A) protein and functions at the early stage of human NER. In the HR (homologous recombination) pathway of DSB (double strand break) repair, RPA has been shown to interact with two Rad52 epistasis group proteins, Rad51 and Rad52, and to modulate their activities [9] [10] [11] . RPA promotes Rad51 presynaptic filament assembly by reducing secondary structure in the long length of ssDNA regions, but also suppresses the assembly by occluding the DNA [12] . The inhibitory effect of RPA, nevertheless, can be overcome significantly in the presence of Rad52 because Rad52 recognizes RPA-bound ssDNA, and this activity of Rad52 allows the Rad51-Rad52 complex to gain access to ssDNA already covered with RPA [12, 13] . The role of RPA in the NHEJ (non-homologous end joining) pathway of DSB repair is not well defined, although it has been observed that RPA interacts with DNA-PK (DNA-dependent protein kinase) and co-localizes with the MRN (Mre11/Rad50/Nbs1) complex [14, 15] .
A recent advancement towards our understanding of RPA functions is the finding of RPA involvement in the initiation of DNA damage checkpoint signalling, both in yeast and mammalian cells [3, 4, [16] [17] [18] . Binding of RPA to ssDNA generated during repair processes or as a result of replication fork stalling serves as a common intermediate structure for the assembly of two independent checkpoint apparatuses, Rad17-Rfc2-5/Rad9-Rad1-Hus1 and ATR [ATM (ataxia telangiectasia mutated) and Rad3-related]-ATRIP (ATR interacting protein) complexes, at the site of DNA damage [3, 4, 18] . RPA-mediated localization of ATR to damage sites elicits a variety of cellular responses to DNA damage, e.g., phosphorylation of a key downstream kinase Chk1 by ATR [3] , which eventually leads to cell-cycle arrest.
While the 32 kDa subunit of RPA is phosphorylated in a cell cycle-dependent manner [1, 2] , hyperphosphorylation of RPA occurs in response to a variety of DNA damage agents such as UV or ionizing irradiation treatments [1, 2, 5] . Although the involvement of RPA in most DNA metabolic pathways has been described in some detail, the exact role of RPA hyperphosphorylation in cellular DNA damage responses is still poorly understood. It has been reported that cellular extracts prepared from UV-treated cells displayed a reduction in the ability to support DNA replication in the SV40 in vitro replication system [2, 19] . Recently, it was found that RPA32 mutants that mimic the hyperphosphorylation were unable to localize to replication centres in cells, but were competent to associate with DNA damage foci [20] . In addition, RPA hyperphosphorylation has been suggested to have no effect on NER activity in vitro with crude cellular extracts or a purified reconstituted system [21, 22] .
The damage-induced hyperphosphorylation of RPA32 is believed to be carried out by members of PIKK (phosphatidylinositol 3-kinase-related kinase) kinase family, including DNA-PK, ATM and ATR, although the relative contribution of these kinases to RPA hyperphosphorylation has not been defined [5] . Interestingly, each of these kinases is either involved in DSB repair (DNA-PK) or in the DNA damage checkpoint network (ATR, ATM), suggesting that RPA is an initiator as well as an effector for these two pathways. In response to DNA damage, a co-localization of RPA with various proteins involved in DSB repair and checkpoint signalling, such as ATR-ATRIP complex, ATM, BRCA1 and Rad52, has been observed [10, 18, 23, 24] . However, the involvement of hyperphosphorylated RPA in DSB repair and checkpoint pathways as yet has not been investigated. The present study reports that the cellular interactions of two DSB repair factors Rad51 and Rad52 with RPA were predominantly mediated by the hyperphosphorylated form of RPA after UV irradiation and CPT (camptothecin) treatment. The checkpoint kinase ATR also displayed a slightly stronger interaction with the hyperphosphorylated RPA after DNA damage. The immunofluorescent analysis further demonstrated that the hyperphosphorylated RPA was able to significantly co-localize with Rad52 and ATR to form nuclear foci in cells. Our results suggest that following DNA damage, hyperphosphorylated RPA is preferentially located to DSB repair and checkpoint complexes over native RPA.
MATERIALS AND METHODS

Cell culture and treatments
Human lung adenocarcinoma cells A549 were obtained from American Type Culture Collection (A.T.C.C., Manassas, VA, U.S.A.) and maintained at 37
• C in 5% CO 2 in Dulbecco's Modified Eagle's medium (Invitrogen) supplemented with 10 % (v/v) FBS (fetal bovine serum; Invitrogen) and 1 % penicillin/streptomycin (Invitrogen). For UV exposure, the growth medium was removed and cells were washed once with PBS, and then irradiated with various doses using a UV crosslinker (Stratagene, La Jolla, CA, U.S.A.) at a dose rate of 0.5 J · m −2 · s −1 . After UV exposure, the original growth medium was added back and the cells were incubated further for 2 h at 37
• C before harvesting. For drug treatments, all chemicals used in this study were purchased from Sigma, unless otherwise stated.
Preparations of whole cell extracts and nuclear extracts
To prepare whole cell extracts, cells were washed once with PBS, then scraped and collected in ice-cold PBS. After a brief centrifugation (15 000 g, 20 s), cells were resuspended in solution A [50 mM Tris/HCl, pH 7.8, 400 mM NaCl, 1 mM EDTA, 0.5 % Nonidet P-40, 0.34 M sucrose, 10 % glycerol, 1 mM Na 3 VO 4 , 10 mM NaF, 10 mM β-glycerophosphate, 1 mM PMSF and a protease inhibitor cocktail (Roche, Indianapolis, IN, U.S.A.)] and left on ice for 30 min for lysis. Lysates were cleared by centrifugation (15 000 g, 30 min at 4
• C) and the protein concentration was determined by the Bradford assay (Bio-Rad Laboratories, Richmond, VA, U.S.A.). For the preparation of nuclear extracts, cells were first lysed in buffer B (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10 % glycerol, 0.1 % Triton X-100, 1 mM Na 3 VO 4 , 10 mM NaF and 10 mM β-glycerophosphate, 1 mM PMSF and a protease inhibitor cocktail) on ice for 5 min. Nuclei were separated from cytoplasmic proteins by low-speed centrifugation (1300 g for 4 min). Isolated nuclei were washed once with solution B and then further lysed in solution A as above.
Western blotting
Cell lysates and immunoprecipitates were separated on 8 or 12 % (for RPA32) SDS/polyacrylamide gels and transferred on to PVDF membrane (Amersham Biosciences, Piscataway, NJ, U.S.A.). The membranes were blocked for 1 h at room temperature (24
• C) with TBST (25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.05 % Tween 20) containing 5 % (w/v) powdered milk and then probed using the following primary antibodies: anti-RPA32 (1:1000; Kamiya Biomedical, Seattle, WA, U.S.A.), anti-RPA70, anti-Rad51, anti-Rad52, anti-phospho-Chk1-317 (1:500, Santa Cruz Biotechnology, CA, U.S.A.) or anti-ATR (1:2000, Oncogene Science, Uniondale, NY, U.S.A.). The membranes were then incubated with horseradish peroxidase-linked secondary antimouse antibodies (Amersham) and bound antibodies were visualized using the ECL ® chemiluminescent method (Amersham).
Co-IP (where IP stands for immunoprecipitation) assays
Whole cell extracts prepared from 1 × 10 7 cells were used for each co-IP reaction. Cell lysates were diluted with dilution buffer (50 mM Tris/HCl, pH 7.8, 1 mM EDTA, 10 % glycerol, protease and phosphatase inhibitor as above), and incubated with 4 µg of rabbit anti-Rad51, anti-Rad52 and anti-ATR antibodies respectively, for 10-14 h at 4
• C with end-over-end mixing. Then, 50 µl of Protein A/G-agarose beads (Amersham) were added and the reaction mixtures mixed further for 1 h at 4
• C. The immunoprecipitates were separated from the supernatant by centrifugation and washed with PBS containing 0.05 % Nonidet P-40. Proteins were extracted from the agarose beads by boiling in 1 × SDS gel loading buffer and resolved by SDS/PAGE [12 % (w/v) polyacrylamide gels].
RPA purification and in vitro phosphorylation by DNA-PK
Recombinant human RPA complex was expressed in Escherichia coli BL21 (DE3)-RP (Stratagene) cells and purified as described previously [25] . Recombinant RPA was phosphorylated in vitro by DNA-PK kinase (Promega, Madison, WI, U.S.A.) as described previously [26, 27] . SDS/PAGE analysis showed that at least 90 % RPA were hyperphosphorylated in the reaction. The protein was then purified to remove the DNA-PK kinase and calf thymus DNA in the reaction buffer. The phosphorylation reaction products were loaded on to an HR 10/30 Superdex 200 column with an AKTA purifier system (Amersham Biosciences, Uppsala, Sweden). The column was pre-equilibrated with high-salt FPLC running buffer [40 mM Hepes-KOH, pH 7.5, 2 M NaCl, 10 mM MgCl 2 , 10 µM ZnCl 2 and 1 mM DTT (dithiothreitol)] and run in the same buffer at 4
• C. The fractions containing phosphorylated RPA were pooled and dialysed against RPA storage buffer (40 mM Hepes-KOH, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , 10 µM ZnCl 2 , 1 mM DTT and 50 % glycerol). The protein concentration was determined by the Bradford assay. Images were captured with a Nikon inverted fluorescent microscope with attached CCD camera at × 100 magnification and processed using Photoshop 6.0 (Adobe) software. The co-localization was quantified by counting the number of co-localized foci in each of randomly selected cells.
RESULTS
Hyperphosphorylation of RPA in response to DNA damage
To induce the cellular hyperphosphorylation of RPA, two different types of genotoxic agents were employed for cell treatment. Cultured cells were irradiated with varying doses of UV and the whole cell lysates prepared from the irradiated cells were then subjected to Western blotting probed with anti-RPA32 antibody. Similar to previous observations, the treatment resulted in significant hyperphosphorylation of the RPA32 subunit, as indicated by the appearance of additional slower-migrating bands on SDS/PAGE ( Figure 1A , [28, 29] ). Treatment with CPT, which induces DSBs through inhibition of topoisomerase, or with HU (hydroxyurea) that inhibits ribonucleotide reductase and leads to nucleotide depletion, also resulted in a substantial hyperphosphorylation of the RPA32 subunit ( Figures 1B and 1C) . The hyperphosphorylated RPA32 were predominantly located within the nucleus, while cytoplasmic fractions contained little, if any, hyperphosphorylated forms (results not shown). In addition, the hyperphosphorylation of RPA could be detected by an antibody that specifically recognized the phosphorylated Ser 4 and Ser 8 of RPA32 ( Figure 1D, lanes 2-4 [14] ).
Interaction of hyperphosphorylated RPA with DSB repair factors
We next examined the involvement of hyperphosphorylated RPA in the DSB repair pathway. The induction of DSBs in cells after UV irradiation and CPT treatment was determined by assessing the level of phosphorylated histone H2AX (γ H2AX), a marker for DSB formation (Figure 2A and [30, 31] ). Treatment with CPT appeared to induce DSBs more efficiently than the moderate doses of UV irradiation (Figure 2A) . UV irradiation and CPT treatments also resulted in significant nuclear accumulation of Rad51 and Rad52 ( Figure 2B) , two essential components for HR, indicating the proficiency of DSB repair in the cell nucleus. Therefore, co-IP assays were performed to examine the interaction of RPA with Rad51 and Rad52 upon DNA damage. Strikingly, the interaction of RPA with both Rad51 and Rad52 in cells was predominantly mediated by the hyperphosphorylated species of RPA ( Figures 2C  and 2D) . Moreover, more hyperphosphorylated RPA was immunoprecipitated from cells treated with CPT than UV irradiation ( Figures 2C and 2D) . Pretreatment of the cellular lysates with DNaseI or ethidium bromide before IP did not alter the interaction patterns of RPA with Rad51 and Rad52 (results not shown), suggesting that the preferential interaction of DSB repair factors with hyperphosphorylated RPA was mediated by protein-protein interactions. We also determined if this interaction was due to the direct binding of hyperphosphorylated RPA to Rad51/Rad52. For this purpose, purified RPA was hyperphosphorylated in vitro by DNA-PK. As shown in Figure 2 (E), the in vitro hyperphosphorylated RPA (lanes 2 and 4) had the same migration pattern on SDS/PAGE as the endogenous phosphorylated RPA prepared from UV-treated cells (lanes 1 and 3 and [28] ), and could be detected by the anti-phosphoRPA32 Ser4/Ser8 antibody (lane 4). This indicated that the in vitro phosphorylated RPA could be used as an equivalent to endogenous phosphorylated RPA. After IP of cell lysates with anti-Rad51 or anti-Rad52 antibodies, the immunoprecipitates were washed with the buffer containing a high concentration of salt (0.6 M NaCl) to remove the proteins (including endogenous RPA) associated with the immunoprecipitated Rad51 or Rad52 ( Figure 2F, lanes 2 and 3) . Then the in vitro hyperphosphorylated RPA was supplied to allow for interaction with the endogenous Rad51 or Rad52 in the immunoprecipitates in the normal buffer. As shown in Figure 2 (F), both Rad51 and Rad52 did directly interact with RPA with relatively higher affinities to hyperphosphorylated RPA than to unphosphorylated RPA (2.92-and 2.67-fold respectively, lanes 4 and 5). It appears, however, that these moderately increased affinities in vitro may not fully account for the prominent interactions of Rad51 and Rad52 with hyperphosphorylated RPA in cells.
Co-localization of hyperphosphorylated RPA with Rad52 on DNA damage
In order to explore the role of co-localization of RPA-Rad52 in DNA damage, immunofluorescence experiments were carried out. In mock-treated cells, RPA and Rad52 appeared to be homogeneously distributed throughout the nucleus ( Figure 3A , subpanels B and C). After 20 J/m 2 UV treatment, there was a clear redistribution of RPA and Rad52 that formed discrete nuclear foci and, as expected, co-localized mostly with each other ( Figure 3A subpanels F-H). These results indicate that RPA (including both native and phosphorylated forms) interacted efficiently with Rad52 at the DSB sites to support DSB repair. To probe the co-localization of Rad52 specifically with hyperphosphorylated RPA, immunofluorescence assays with the antibody uniquely recognizing the phosphorylated RPA32 were performed. Under mock-treatment conditions, no staining with the phospho-specific (A) Exponentially growing cells were treated with increasing doses of UV irradiation or CPT as above, and then total cell lysates were prepared and probed with anti-γ H2AX and anti-actin antibodies respectively. (B) Cells were treated with the indicated doses of UV irradiation followed by a 2 h recovery or treated with the indicated doses of CPT for 3 h. Nuclear extracts were prepared and analysed by Western blotting with anti-Rad52 or anti-Rad51 antibodies. (C, D) Cells were treated with indicated doses of UV or CPT and then total cell lysates were prepared for co-IP assays with anti-Rad51 and anti-Rad52 antibodies. Proteins from the immunoprecipitates were detected by Western blotting using anti-RPA32 antibody. As control, 10 % of the total volumes of the whole cell lysates used for the IP were also included (Input, upper panel). The hyperphosphorylated RPA immunoprecipitated with Rad51 and Rad52 was quantified by densitometry and further normalized to the inputs that were designated as of value 1. (E) Total cell lysates prepared from 20 J/m 2 UV irradiated cells (lanes 1 and 3) , and 4 pmol in vitro phosphorylated RPA (mixed with 1 pmol native RPA as an internal control) (lanes 2 and 4) were probed by Western blotting with anti-RPA32 (lanes 1 and 2) and anti-phospho-RPA32 Ser4/Ser8 (lanes 3 and 4) antibodies respectively. (F) Total cell lysates prepared from untreated cells were incubated with Rad51 or Rad52 antibodies. The immunoprecipitates were washed three times with PBS containing 0.05 % Nonidet P-40, and further incubated in a high concentration of salt buffer (15 mM Tris/HCl, pH 7.5, 600 mM NaCl and 0.1 % NP-40) for 30 min at 4 • C to remove endogenously bound proteins (lanes 2 and 3). Then the purified RPA containing a 1:7 mix of in vitro phosphorylated/native protein (lane 1) was added and incubated in RPA binding buffer for 4-6 h. The IPs were washed free of unbound proteins before the bound proteins were detected by Western blotting with RPA32 antibody (lanes 4 and 5) . Anti-Rad51, anti-Rad52 or protein A/G beads did not bind non-specifically to the purified RPA (lanes 6 and 7).
RPA antibody was observed ( Figure 3B, subpanel C) . Following treatment of cells with UV or CPT, hyperphosphorylated-RPA aggregated into nuclear foci that also showed efficient colocalization with Rad52 foci (Figure3B, subpanels F-H and J-L). These results are in full agreement with those obtained from our IP assays, and together suggest that hyperphosphorylated RPA could efficiently participate in the DSB repair pathway.
Participation of hyperphosphorylated RPA in checkpoint pathways
As shown in Figure 4(A) , the UV irradiation led to the phosphorylation of Chk1 protein kinase [3] , a key substrate of ATR-ATRIP, indicating that the checkpoint was specifically activated in these cells. ATR has been reported to interact with RPA through its interacting partner ATRIP [20] . The interactions of RPA and hyperphosphorylated RPA with ATR in response to DNA damage were therefore examined. As revealed in Figures 4(B) and 4(C), the ATR did interact with the hyperphosphorylated RPA following UV and CPT treatments and, in comparison with unphosphorylated RPA, more hyperphosphorylated RPA was co-immunoprecipitated with ATR antibody (from at least three independent experiments). Furthermore, hyperphosphorylated RPA appeared to be immunoprecipitated by ATR more efficiently from cell lysates prepared from UV irradiated cells than from Figures 4B and 4C) , probably reflecting the fact that the CPT-induced DSBs may activate an alternative checkpoint, e.g. the ATM kinase pathway which is RPA-independent [32] .
CPT-treated cells (
Immunofluorescence experiments were also performed to examine the co-formation of nuclear foci of ATR and RPA in cells. In mock-treated cells, immunostaining with ATR antibody revealed a few diffusive nuclear spots ( Figure 3C , subpanel B; and Figure 3D , subpanel C), which is consistent with the proposed role of ATR in monitoring genome integrity during normal cell-cycle progression [18] . On exposure to UV, a clear redistribution of ATR in nucleus occurred and some brighter nuclear foci were formed ( Figure 3C , subpanel F; and Figure 3D , subpanel G). When overlapped, ATR and RPA foci displayed obvious colocalization as expected ( Figure 3C, subpanel H) . Then the antibody that recognized only the phosphorylated RPA but not the native RPA was applied for immunofluorescent staining. As shown in Figure 3D (subpanel H), after UV irradiation, ATR co-localized with the hyperphosphorylated RPA foci with an efficiency comparable with that of ATR with the total RPA (compare Figure 3C , subpanel H with Figure 3D , subpanel H). Some extent of co-localization of ATR with hyperphosphorylated RPA was also observed after treatment with CPT ( Figure 3D , subpanel L). Altogether these data supported the conclusion that hyperphosphorylated RPA was involved in the ATRdependent checkpoint signalling process in response to DNA damage.
Interaction of hyperphosphorylated RPA with Rad51, Rad52 and ATR after a high dose of UV irradiation
In general, high-doses of DNA damage agents are required to induce extensive DSBs and a strong checkpoint response. To further address the hypothesis that hyperphosphorylated RPA is preferentially localized to DSB repair and checkpoint complexes, we irradiated cells with 60 J/m 2 of UV, a dose that has been widely used to activate DNA damage checkpoint pathways and induce extensive DSBs in cells. The cells were then harvested 2 h after treatment, when the early cellular DNA damage responses were highly active, but long before the cells started the process of apoptosis. Remarkably, following 60 J/m 2 of UV irradiation, significantly more hyperphosphorylated RPA was immunoprecipitated by DSB repair factors Rad51 and Rad52 (Figures 5A and 5B). The interaction of ATR with hyperphosphorylated RPA was also slightly enhanced by a high dose of UV treatment (compare Figure 5C with Figure 4B ). Treatment of cell lysates with DNase I or ethidium bromide before the IP had little effect on the hyperphosphorylated RPA interactions with ATR, Rad51 and Rad52 (results not shown). Altogether, these results suggest that the interactions of hyperphosphorylated RPA with Rad51, Rad52 and ATR are dependent on DSB generation and/or checkpoint activation and therefore further support a preferential participation of hyperphosphorylated RPA in DSB repair and checkpoint pathways.
Since Rad51, Rad52 and ATR appeared to interact primarily with hyperphosphorylated species of RPA in cells (either directly or indirectly), we attempted to verify if phosphorylation was required for the interactions. To this end, whole cell lysates from 60 J/m 2 UV-treated cells were pre-incubated with CIAP (calf intestinal alkaline phosphatase) before the co-IP assays. As shown in Figure 5(D) , the CIAP treatment abolished RPA interaction with DSB repair factors Rad52 and Rad51 (results not shown). However, the presence of the CIAP inhibitor, glycerophosphate, preserved the interaction (Figure 5D ), indicating that the disruption of Rad52-RPA interaction was indeed the result of dephosphorylation of proteins (hyperphosphorylated RPA, other cellular phospho-proteins or both). In addition, treatment of the cells with 60 J/m 2 UV irradiation in the presence of wortmannin, an inhibitor of PIKK family kinases which also inhibits RPA hyperphosphorylation [33] , abrogated co-IP of ATR with RPA (results not shown). Taken together, these results indicate that the cellular protein phosphorylation may be essential for the efficient interaction of RPA with DSB repair factors Rad51 and Rad52 and checkpoint kinase ATR, although the exact proteins involved (other than RPA) remain to be identified.
DISCUSSION
The damage-induced phosphorylations of RPA primarily target the N-terminus of the 32 kDa subunit of RPA (RPA32), an unstructured domain containing multiple serine and threonine residues. Phosphorylations or mutations that add negative charges to this domain have been suggested to cause a conformational change in the RPA trimeric complex that may regulate RPA interactions with DNA and protein partners [2, 5, 34, 35] . It has been shown that phosphorylation caused the decrease in dsDNA binding and helix destabilization activity of RPA [34] , and altered RPA interactions with numerous proteins involved in DNA replication, repair and checkpoint response, including T antigen, DNA polymerase α, p53, ATM and DNA-PK [15, 36, 37] . These observations illustrated the modulation of RPA functions through phosphorylation in response to DNA damage. Although the involvement of RPA in DSB repair and ATRdependent checkpoint pathways has been well demonstrated, the potential participation of hyperphosphorylated RPA in these processes has not previously been investigated. In the present study, we showed that interaction of RPA with DSB repair factors Rad51 and Rad52, two essential components in HR pathway of DSB repair, was mostly mediated by the hyperphosphorylated form of RPA in cells. Interestingly, the extent of the cellular interaction between Rad51/Rad52 and hyperphosphorylated RPA was dependent on the type of DNA damaging agent (Figures 2C and  2D) . The CPT treatment which directly leads to the formation of DSBs triggered a significant interaction, while the lower doses of UV irradiation (5-20 J/m 2 ) induced relatively less interaction ( Figures 2C and 2D) . However, the interaction was apparently enhanced when the UV dose was further increased to 60 J/m 2 ( Figures 5A and 5B) . In contrast, hyperphosphorylated RPA interacted with ATR more efficiently upon UV irradiation than after CPT treatment. This is in line with the facts that UV induces less DSBs than CPT, and that ATR mainly responds to UV-induced DNA damage or alike [8] . Altogether, these results suggest that the quantitative localization of hyperphosphorylated RPA to DSB repair and checkpoint pathways relies on the amount of DSB generated and the degree of checkpoint activation after DNA damage. The participation of hyperphosphorylated RPA in these processes was confirmed by immunofluorescent analysis showing the co-localization of hyperphosphorylated RPA with Rad52 and ATR in cells. Moreover, the MRN complex, which functions in the NHEJ pathway of DSB repair and as a damage sensor upstream of ATM activation, and the Rad9-Rad1-Hus1 checkpoint complex, which is recruited to DNA damage sites independently of ATR, also have been reported to interact and co-localize with hyperphosphorylated RPA after UV treatment of cells [14, 38] , further supporting our hypothesis.
Two possible scenarios can be considered regarding the relationship between the hyperphosphorylation of RPA and its preferential localization to DSB repair and DNA damage checkpoint complexes in cells. First, upon DNA damage, RPA is subject to hyperphosphorylation, which then stimulates RPA localization to DSB repair or checkpoint complexes. The phosphorylation-mediated enhancement of the interaction of RPA with the proteins specifically involved in DSB repair and checkpoint activation (e.g. Rad51 and Rad52, Figure 2 ) may modulate these preferential localizations. In the second scenario, RPA is efficiently hyperphosphorylated by the PIKK family of kinases after it is recruited to DSB repair and checkpoint pathways. This hyperphosphorylation in turn stabilizes and facilitates the involvement of RPA in DSB repair and checkpoint pathways. It has been suggested that cellular RPA hyperphosphorylation depends on active DNA replication [28, 29] , which is necessary for the activation of the ATR-dependent DNA damage checkpoint and conversion of the unrepaired UV lesions or intermediates into DSBs [39, 40] . In addition, efficient in vitro phosphorylation of RPA by PIKK kinases requires RPA binding to ssDNA and the optimal stimulation was observed when ssDNA longer than 30 nt was applied [41, 42] . It is well known that in the processes of DSB repair and checkpoint activation, longer ssDNA intermediates are generated. Moreover, the kinases responsible for RPA hyperphosphorylation (DNA-PK, ATR and ATM) are involved in DSB repair and checkpoint activation [5] . All these data imply that RPA participating in DSB repair and checkpoint activation pathways is preferentially hyperphosphorylated. Upon phosphorylation, RPA may undergo structural changes and alter its binding affinities to protein partners (possibly also to DNA), which then modulate cellular functions of RPA in response to DNA damage.
